elimination. Carbon dioxide is exhaled from the alveoli into the circuit by ventilation, and is eliminated from the circuit either by wash out or by absorption ( Figure 1) .
Therefore, circuits can be classified into two main categories:
1. Carbon dioxide wash-out circuits (a) Open (no reservoir bag) i. open mask (drop) ii. insufflation iii. T-piece (b) semi-open (with reservoir bag).
i. :\Iagill circuit ii. Rees system 2. Carbon dioxide absorption circuits (a) closed (fresh gas flow=uptake by patient) (b) semiclosed (fresh gas flow>uptake) CARBON DIOXIDE \VASH-OUT CIRCUITS In these circuits, carbon dioxide is not absorbed within the circuit, and the patients exhale directly or indirectly into the open air. Such circuits can be classified according to the presence or absence of a reservoir bag (l\Ioyers 1953) .
OPen circuits (no reservoir bag)
The open technique was introduced by Sir J.
Simpson 1847. who used the folded handkerchief as a mask for chloroform inhalatjon. John Snow wrote" a piece of lint, a worsted glove, a night cap or a sponge" can be used for anaesthesia administration. A common example of these simple circuits is the open drop technique using the Schimmelbusch mask where the patient inhales from and exhales into the room air. Oxygen enrichment can be achieved by flowing oxygen under the mask. The open mask is the simplest draw-over anaesthesia machine.
The insufflation technique and Ayre's T-piece system are different modifications of the open system. The T-piece was introduced by Dr. Philip Ayre (1937) , to meet the challenging problems of anaesthesia for harelip and cleft palate surgery. In these techniques, the fresh gas inflow is fed either by a catheter in nonintubated patients (insufflation), or via thf! side-arm of a T-piece in intubated patients. Inspired gas consists of delivered flow with additional air dilution depending on the rate of fresh gas inflow in relation to minute ventilation and inspiratory flow rate of the patient. To minimize air dilution, the flow rate is increased to 2-3 times the minute volume, and a reservoir tube is added to the outlet of the T-piece (Ayre 1937) .
Although open circuit is simple, the system is wasteful of anaesthetic gases, body heat and water vapour. In addition, it is difficult to maintain constant levels of anaesthesia because of variations in respiration and air dilution. It is also difficult to provide adequate control of respiration whenever indicated, although intermittent occlusion of the outlet of the T might be used to assist respiration.
Semi-open circuits
Like open circuits, there is no carbon dioxide absorption canister within the circuit, but there is a reservoir bag. In semi-open circuits, exhalation is eliminated from the circuit into the open air by the fresh gas flow. These circuits are classified according to the position of the fresh gas inlet and the outlet valve into two main systems (Mapleson 1954 ).
Magill circuit (Mapleson A)
Was improvised by Sir Ivan Magill about fifty years ago, as a practical means of connecting an endotracheal tube to an anaesthetic source. The outlet valve is located near the patient, while the fresh gas inflow is delivered to the reservoir bag separated from the patient by a long wide-bore corrugated tube (Magill 1928 (Magill , 1967 .
Rees system (Mapleson D)
This system was introduced into paediatric anaesthesia by Jackson Rees of Liverpool (1950) . It is a modification of the Ayre's T-piece by the addition of a bag at the end of the expiratory limb (Rees 1950) . The fresh gas inflow is delivered via the sidearm of the T near the patient, while the outflow occurs near the reservoir bag away from the patient.
During spontaneous respiration, the Magill circuit requires a fresh gas flow equal to one minute volume to eliminate rebreathing. As a Anaesthesia and Intensive Care, Vol_ V, No. 2, May, 1977 matter of fact, even alveolar ventilation volume only [(VT-V D ) xR] might be enough to eliminate rebreathing since the exhaled fresh gas contents of the anatomical dead space of the patient can be rebreathed (Kain and Nunn 1968) . Such an economical arrangement contrasts with the Rees system where two minute volumes of fresh gas flow are required to eliminate rebreathing. Baraka et al. (1969) have described a double T-piece system, which can function either as a Magill or Rees arrangement, depending on the sites of gas inflow and the outlet valve (Figure 2 A.B.C.).
C'
FIGURE 2 (A_B.C.)-The double T-piece system described by Baraka et al. 1969 (A) . The set will perform like a Magill system when the fresh gas is delivered via the distal T, while the proximal T provides an outlet (B). The set will perform like a Rees' system when the fresh gas is delivered via the proximal T, while the distal T provides an outlet (C).
During controlled respiration by semi-open circuits, the outlet valve opens during inflation and not during exhalation, and therefore the efficiency of the two systems is reversed (Mapleson 1954) i.e. the Rees system becomes more efficient than the Magill. For practical purposes, however, the mixing of fresh gas inflow with the patient's exhaled gas by LP.P. ventilation, makes the two systems equally efficient (Baraka et al. 1969) .
During controlled ventilation with semi-open circuits, the PaC0 2 will be determined by both minute ventilation volume and fresh gas inflow; the lesser of the two being the limiting factor.
During hyperventilation when V A> V F , PaC0 2 will be determined by the fresh gas inflow ( Figure 3 ) according to the following formula:
PaC0 2 =(PB -47) VC0 2 (Carbon dioxide production/min) VF (Fresh gas flow/minutes) Assuming that carbon dioxide production in the average adult is about 200-250 ml/min, normocarbia can be achieved by a fresh gas inflow of about 5 litres per minute, which is approximately equal to the alveolar ventilation volume. of the average adult (Baraka 1969) . Since VC0 2 varies from patient to patient, readjustment of fresh gas flow might be necessary according to the resulting PaC0 2 :
• adjusted fresh gas flow PaC0 2 XVF 40 Carbon dioxide production is closely related to body surface area and for this reason, the minute ventilation volume of average children can be approximately estimated according to age (Baraka et al. 1969 Whether breathing is spontaneous or controlled, the average fresh gas inflow requirement will equal one or two minute volumes depending on the circuit used. (Baraka et al. 1969) . If the fresh gas inflow equals the minute volume or even the alveolar ventilation volume, PaC0 2 will be maintained near normal levels despite hyperventilation (Figure 4 ). Normocarbia can therefore be combined with the relatively large tidal volumes which are required to prevent atelectasis during clinical anaesthesia (Baraka 1970) .
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CARBON DIOXIDE ABSORPTION CIRCUITS
Carbon dioxide absorption was suggested by Joseph Black in 1854, when he submitted a thesis, De Magnesia Alba, for his M.D. In this thesis, Black announced the discovery and isolation of carbon dioxide. Benedict and Tower (1898) defined a method for the preparation of granular soda lime. The technique was used experimentally in 1915 by Dennis J ackson who described an anaesthesia apparatus containing sodium hydrate and calcium hydrate to absorb the exhaled carbon dioxide.
Jackson, although he did not have an opportunity to try the technique on humans, recommended its clinical use in order to reduce the anaesthesia expenses; the cost of nitrousoxide oxygen anaesthesia could be reduced from 2·5 dollars to approximately 32 cents per hour. The technique was applied clinically by Ralph Waters 1924 using the granulated soda lime in a to-and-fro circuit. In 1930, Brian Sword introduced the circle absorption circuit.
Since exhaled carbon dioxide is absorbed by the soda lime within the circuit, the system can be used as a closed (complete rebreathing) circuit if the fresh gas inflow equals the patient's oxygen consumption and anaesthetic uptake, or as a semiclosed (partial rebreathing) circuit if inflow exceeds uptake. There are two main carbon dioxide absorption circuits: 1. Waters" to-and-fro " circuit It was Ralph Waters (1924) who introduced the "to-and-fro" carbon dioxide absorption circuit in clinical anaesthesia. As described by Waters, the apparatus consisted of a face mask, a container for granulated soda lime which opened into a large rubber bag, and a rubber tube leading from the bag to nitrous oxide and oxygen tanks.
Advantages of Carbon Dioxide Absorption
Although the" to-and-fro " system is simple, its main disadvantages are:
(a) Proximity to patient, therefore: i. Cumbersome. ii. possibility of inhalation of soda lime dust. iii. excess heating of inspired gases since the chemical reaction of neutralization is proximal to the patient. (b) Decreased efficiency of carbon dioxide absorption. i. Due to the horizontal position of the canister, the soda lime granules may settle down after packing, leaving a low-resistance path at the top (chanelling) resulting in decreased contact of the CO 2 with the soda lime. 11. Increased dead space with progressive exhaustion of the soda lime. The soda lime nearest to the patient becomes exhausted first. The intergranular space of the exhausted part then constitutes an additional dead space. Anaesthesia and Intensive Care, Vol. V, No. 2, May, 1977 (c) The size of the canister must match the tidal volume of the patient. To obtain maximal efficiency, tidal volume should be equal in volume to the air space between the absorber granules. Disadvantages:
1. Different size canisters are needed, depending on age. 11. The small-sized soda lime canisters have increased resistance.
Circle absorber
The circle or two-phase system was devised by Brian Sword in 1930. Inspiratory and expiratory tubes are used, with a flap unidirectional valve interposed between the reservoir bag and the patient on both the inspiratory and expiratory sides. This ensures a one-way flow of gases and minimizes the dead space. In order to have maximal efficiency of circle absorbers, the fresh gas inlet should not be on the expiratory limb to permit its flow towards the patient or the reservoir bag, and the outlet valve should not be placed on the inspiratory limb of the circuit (Eger and Ethans 1968) . The system is less cumbersome and more efficient than the to-and-fro circuit, and can be safely used in all age groups. However, misconnection of circuit tubings can result in serious complications (Baraka 1975) .
In carbon dioxide absorption circuits, carbon dioxide is eliminated from the alveoli into the circuit by ventilation, and from the circuit by soda lime absorption. In contrast with semiopen circuits, the fresh gas flow into carbon dioxide absorption circuits does not determine the PaC0 2 , but only the rate of exhaustion of the soda lime. Therefore, ventilation is the most important single factor determining PaC0 2 ( Figure 5 ).
Veo. PaC0 2 =(P B -47) -.-VA When the soda lime is shut off, the circuit will change into a semi-open system, and accordingly the PaC0 2 will be determined by the fresh gas flow rather than ventilation as shown in Figure 3 and Figure 4 . Under such conditions a fresh gas flow approximately equal to one alveolar minute volume must be I<l1aintained to achieve normocarbia (Baraka 1968) .
Before using the carbon dioxide absorption circuit as a closed or semi-closed system, a high flow (equal to the alveolar mililute volume) of fresh gas should be used initially for about 10 minutes in order to wash out the circuit, denitrogenate the patient and saturate him with the anaesthetic. Thereafter, the inflow can be diminished to equal or slightly exceed the oxygen consumption and anaesthetic uptake by the patient. In open mask system, the patient usually inspires either pure air, or air enriched with oxygen. Using insufflation or T-piece systems, the delivered oxygen concentration will be diminished by air dilution which depends on the rate of fresh gas inflow in relation to minute ventilation and inspiratory flow rate of the patient. To minimize air dilution, the flow rate is increased to 2-3 times the minute volume of the patient, and a reservoir extension tube (about 1/3 tidal volume) is added to the outlet of the T-piece. The principle of the T-piece has been used not only for anaesthesia, but also to deliver humidified oxygen in different concentrations to patients with an endotracheal or tracheostomy tube.
In adults, maximum elevation of Fi02 (inspired oxygen concentration) can be achieved by using a flow of 10-15 litres of oxygen per minute, and adding a reservoir tube of 150-200 ml (Dalton et al. 1970) .
In semi-open circuits, whenever adequate rates of fresh gas flows are used to eliminate rebreathing, the concentration of oxygen inspired by the patient is approximately the same as the concentration in the fresh gas flow.
In semiclosed circuits, however, when the rate of fresh gas flow is less than 2-3 litres per minute, the inspired oxygen concentration can be much less than that in the fresh gas flow Virtue 1974), and the amount of oxygen consumed by the patient (about 200 mljmin in anaesthetized adults) must be always considered whenever calculating the inspired oxygen concentration:
FiO _
Oxygen flow-V0 2 X100 2-Total fresh gas flow-V0 2 In the completely closed circuit, the fresh gas flow of oxygen is not considered in terms of percentage, but must be delivered in absolute amounts which are sufficient to supply the patient's oxygen consumption. It is clinically difficult to estimate accurately the patient's oxygen consumption and anaesthetic uptake. That is why, carbon dioxide absorption circuits are commonly used as semiclosed rather than totally closed circuits.
ANAESTHESIA ADMINISTRATION
The anaesthetic concentration delivered from different anaesthesia circuits is affected by the type of circuit, position of the vaporizer, the solubility in rubber and wash out.
Type of circuit
In semi-open circuits, since high rates of fresh gas flow are used to eliminate rebreathing, the inspired anaesthetic concentrations is approximately equal to the concentration delivered by the fresh gas flow. Carbon dioxide absorption circuits can be used, depending on the rate of fresh gas flow, either as a closed (complete rebreathing) circuit or as a semiclosed (partial rebreathing) circuit.
In the totally closed circuit, with a fresh gas flow of pure oxygen which is just sufficient to supply the patient's uptake, the inspired anaesthetic concentration may be as little as a tenth to a fifth of the concentration delivered by the vaporizer outside the system. As the fresh gas flow is increased above the basal level, the inspired anaesthetic concentration rises towards the vaporizer concentration (Mapleson, 1960) . Anaesthesia and Intensive Care, Vol. V, No. 2, l\fay, 1977 In circle semiclosed system, Harper (1975) has shown in adults that increasing the inflow rate accelerates the rate of rise and final level of both the inspired and alveolar anaesthetic concentrations. The level differs substantially between 1 and 3 litres per minute with relatively little difference between 3 and 5 litres per minute.
Position oJ the vaporizer (Figure 6 When the vaporizer is inside the circuit (VIC), it is safer to have the patient breathing spontaneously since controlled respiration might result in a progressive build-up of anaesthetic concentration resulting in serious overdosage (Mapleson 1960) .
